Introduction
Cashew nut shell liquid (CNSL) is a by-product of cashew nut processing, and available on a scale of 450 000 tonnes per year. 1 It is an excellent representative of an unused, non-eatable natural resource for which no competition occurs between land use for food or raw material production. 2 When CNSL is extracted from the cashew nut shells via cold-press or solvent extraction, it consists predominantly of anacardic acids (1a-d) and other phenolic compounds such as cardanol (3-pentadecenylphenol) and cardol (5-pentadecenylylbenzene-1,3-diol) . 3 Each of these has a 15-carbon side chain with a varying degree of saturation, located in the meta-position relative to the hydroxy group. Anacardic acids (1) are promising substrates for various decarboxylative and decarbonylative transformations. 4 Upon distillation, they are known to decarboxylate with formation of cardanol and other phenols. The structurally related kairomones 3-ethyl-(2) and 3-propylphenol (3) are potent tsetse fly attractants ( Figure 1 ). 5 OH OH 3-ethylphenol (2) 3-propylphenol (3) Tsetse flies, the main vector of African sleeping sickness (trypanosomiasis), inhabit sub-Saharan Africa, the region where CNSL is predominantly produced in Africa (Nigeria, Ivory Coast, and Tanzania). 6 Traps charged with the kairomones (2 and 3) are used as a sustainable and eco-friendly way to control the tsetse fly population. Both kairomones are worthwhile synthetic targets, because each works best to attract a certain type of vector tsetse fly, 2 for Glossina morsitans morsitans, and 3 for G. pallidipes. 7 Various strategies for the synthesis of 3-propylphenol (3) have been reported. These include multi-step reactions with wasteintensive key steps, e.g. Wittig and Grignard reactions of 3-hydroxybenzaldehyde. 8 3 has also been synthesised from cardanol via isomerisation of the double bond into the benzylic position, followed by metathesis with 2-butene. 9 However, the isomerisation step resulted in a mixture of isomers, among which the desired product with the double bond conjugated with the aromatic ring made up for only 40%. As a consequence, the overall yield of 3-propylphenol (3) remained unsatisfactory (11% based on cardanol). More efficient syntheses of 3-propyl-(3) and 3-ethylphenol (2) directly from CNSL would, thus, be highly desirable. We envisioned that isomerising olefin metathesis could be the key technology to access kairomones from CNSL, either as a mixture of 2 and 3 that might directly be usable in the fly traps, or in pure form. Our strategy was to start with a basic extraction of CNSL, which would serve to remove side components such as the resorcinol derivative cardol and lead to anacardic acids (1), a mixture of salicylic acids 1a-d with saturated, mono-, di-and tri-unsaturated C 15 side chains in the 6-position of the aromatic ring (Scheme 1). 3 Since the side-chain double bond closest to the ring is positioned at C 8 in all unsaturated isomers, it should be possible to convert this mixture into a reasonably pure single compound by ethenolysis followed by crack distillation with concomitant decarboxylation. Regardless of the number of double bonds on the far side of C 8 , the ethenolysis would shorten all unsaturated side chains to -nonenyl groups. In the distillation, the carboxylate group would be removed and the main product 3-(non-8-enyl)phenol (5) separated from the lowboiling olefins formed during ethenolysis, as well as the higherboiling saturated cardanol derivative 3-pentadecylphenol (1d Subsequent isomerising ethenolysis of 5 would shorten the olefinic side chain stepwise in a statistical fashion (Scheme 2). Depending on the ethene pressure and catalyst system, the sidechain-length distribution of the resulting product mixture should be adjustable so that a mixture of 6 and 7 is obtained reasonably free of other components, which could be hydrogenated in situ to the kairomones 2 and 3. An additional, non-isomerising cross-metathesis step with pure ethene or 2-butene prior to hydrogenation should allow directly accessing either product 6 or 7 in pure form, since the thermodynamically favoured conjugated double-bond isomers 6 and 7 should be the main components in the equilibrated isomerising metathesis mixture. Subsequent hydrogenation would give access to pure 2 or 3.
Scheme 2. From 3-(non-8-enyl)phenol (5) to the tsetse fly attractants 2 and 3.
Results and discussion

Ethenolysis of anacardic acids
Based on these considerations, we approached the synthetic procedure starting from cashew nut shells. An extraction of 400 g nut shells with diethyl ether yielded 90 g of CNSL (23 wt-% based on the nut shells). The acids were separated from other phenolic components by precipitation of their calcium salts using calcium hydroxide followed by acidification, which led to 52 g (58 wt-% based on the ethereal extract) of the acid mixture Conditions: 0.25 mmol 1, 1 mol% metathesis catalyst, 1 mL solvent, 10 bar ethene, 23 °C, 16 h. Yields were determined by GC analysis. In the GC injector, 4 quantitatively decarboxylates to 5, which was quantified using nhexadecane as internal standard.
[a] Preparative-scale reaction (2.50 g, 7.30 mmol).
We started optimising the ethenolysis by testing numerous ruthenium-based catalysts (Figure 2) , with a focus on complexes known to promote ethenolysis. 11 These include firstand second-generation Grubbs-and Hoveyda-type catalysts (Ru-2, 12 Ru-3, 13 Ru-4, 14 and Ru-5 15 ) , and the indenylideneruthenium complexes Ru-6 16 and Ru-7 17 . As can be seen from Table 1 , other phosphine-ligated catalysts (Ru-2 and Ru-3) were more efficient than Ru-1, and nearquantitative yield was achieved with the first-generation Hoveyda-Grubbs catalyst Ru-3 (entries 2 and 3). Among the NHC-ligated catalysts, the second-generation Grubbs catalyst Ru-4 was most effective, giving 77% of 4 (entries 4-7). In contrast, a low yield of the desired product 4 was obtained using Ru-5 (entry 5). Second-generation indenylidene catalysts were inferior (Ru-7; entry 6) or completely inactive (Ru-6; entry 7). With the best ruthenium catalyst Ru-3, it was possible to reduce the loading to 0.05 mol% and still achieve good yields of the desired product 5 (entries [8] [9] [10] . The finding that phosphine-based metathesis catalysts outperform modern NHC systems is remarkable but not unprecedented, since Ru-3 has been reported to be optimal also for the ethenolysis of 2-methoxy-6-pentadecenyl benzoic acid methyl esters. 10 The results were even better on a preparative scale (2.50 g, 7.30 mmol). In the presence of 0.5 mol% Ru-3, compound 4 was formed in near-quantitative yield. Upon distillation at above 140 °C, 18 4 decarboxylated quantitatively to 3-(non-8-enyl)phenol (5) which was isolated in 89% yield and 98% purity while the saturated compound 1d remained in the distillation residue. This corresponds to an overall yield of 7 wt-% of 5 based on the cashew nut shells.
Isomerising ethenolysis of 3-(non-8-enyl)phenol
The key step in our synthesis of the tsetse fly attractants 2 and 3 is the shortening of the olefinic side chains by isomerising cross-metathesis. We have recently demonstrated that isomerising metathesis is a valuable synthetic concept for the valorisation of oleic acid derivatives and of naturally occurring allyl arenes. 19 In this context, the dimeric palladium(I) complex [Pd(µ-Br)( t Bu 3 P)] 2 (Pd-1) 20 had proven to be a uniquely effective isomerisation catalyst, fully compatible with state-ofthe-art ruthenium metathesis catalysts. 21 In an isomerising cross-metathesis, the olefinic substrates are continuously converted into an equilibrium mixture of doublebond isomers, which constantly undergo olefin metathesis until olefin blends with a homogeneous chain-length distribution are formed. The mean chain length is determined by the average number of side chain carbons for each substrate weighted with its molar equivalents. Thus, in the isomerising cross-metathesis of 3-(non-8-enyl)phenol (5) with ethene, an equilibrium mixture of nonvolatile aryl alkenes and volatile unsubstituted alkenes with an identical chain length distribution should ideally form. If all double-bond isomers had the same thermodynamic stability and reactivity, their mean chain length should equal ([ethene] 
, calculated from the concentration of each alkene substrate and its respective chain length. This standard formula for the calculation of an arithmetic mean only roughly approximates the reaction outcome. The chain length distribution is more accurately assessed using the simulation program described in reference 19. In search for an effective catalyst system, we stirred a THF solution of 3-(non-8-enyl)phenol (5) under 6 bar ethene pressure (corresponding to an ethene / 5 ratio of roughly 22:1 and an expected mean chain length of 2.3) with the Pd-based isomerisation catalyst and a Ru-metathesis catalyst for 16 h at 50 °C. For 1.5 mol% Ru-5 and 1.5 mol% Pd-1, a system that had been reported to be optimal for the isomerising ethenolysis of allyl arenes, 24% 3-hydroxstyrene (6) and 53% 3-(prop-1-enyl)phenol (7) were obtained along with minor quantities of longer-chain homologues. However, the mean chain length of 3.2, which was calculated from the GC-integrals, indicates that the reaction did not go to completion ( Table 2 , entry 1). Phosphine-based first-generation catalysts and NHC-based indenylidene complexes were found to be ineffective, which is understandable from their low activity in non-isomerising styrene cross-metatheses. 22 With the second-generation Grubbs catalyst Ru-4, only unsatisfactory yields were obtained, which can be explained by a release of phosphine from the precatalyst, which is known to inhibit the isomerisation catalyst Pd-1. 19, 21 Best results were obtained with the Hoveyda-type NHC catalyst Ru-8 (entries [3] [4] . After slightly increasing the catalyst loading to 2 mol%, the desired ethenyl and propenyl arenes 6 and 7 were almost exclusively formed within 16 h along with only trace amounts of longer-chain derivatives (entry 4). The mean chain length was found to be 2.4. One would expect that the low solubility of ethene in the reaction solvent leads to an accumulation of more soluble longer chain olefins in the liquid phase, thus shifting the solution equilibrium towards longer chains. Indeed, GC analysis revealed that the relative ratio of ethene / propene / butene is 3.5 / 2.2 / 1 in the gas phase and 1 / 2.8 / 4.6 in the liquid phase of the equilibrated reaction mixture. Upon increasing the amount of solvent and thereby reducing the gasphase and increasing the liquid-phase volume, the equilibrium concentration of 6 and 7 changed to 77% and 23%, which corresponds to a mean chain length of 2.2 (entry 5). Control experiments revealed that it takes more than 8 h until this equilibrium concentration is reached (entry 6). When lowering the ethene excess to 9:1 (2 bar ethene, calculated mean chain length: 2.7), 7 was obtained as the main product and the mean chain length increased to 2.6 (entry 7). At only 6:1 ethene / 5 ratio, (1 bar ethene, calculated mean chain length: 3.0) the mean chain length was found to be 2.8 but the concentration of the longer-chain homologues increased to an undesirably high level (entry 8).
Synthesis of an 3-ethyl-and 3-proylphenol mixture
When performing the isomerising ethenolysis using the optimal catalyst system and substrate ratio (1 mmol 5, 1.5 mol% Pd-1, 2 mol% Ru-8, 4 mL THF, 50 °C, 16 h, approx. 9:1 ethene / 5, 5 bar ethene), 24 a mixture of the ethenyl arene 6 (43%) and the propenyl arene 7 (56%) was formed. Upon exchanging the olefin atmosphere above the reaction mixture for hydrogen (3.0 bar) and adding charcoal to prevent agglomeration of the metal catalyst, the product mixture was directly hydrogenated to the corresponding saturated kairomones, which were isolated in a combined 85% yield (2 / 3 = 1:1.3).
Selective synthesis of the tsetse fly attractants 3-propyl-and 3ethyllphenol
Since both kairomones target different tsetse flies, this approach, which produces 2 and 3 in similar amounts, should be advantageous for the application in fly traps. For the selective synthesis of the widely used kairomone 3, an additional butenolysis step is required. Thus, the isomerising ethenolysis of 5 was first allowed to reach its equilibrium. After 16 h, the metathesis catalyst was still fully active, but the isomerisation catalyst had lost most of its reactivity. At this stage, the reaction mixture, which consisted mostly of the conjugated isomers of 3-propenyl phenol and of 3-ethenyl phenol, was purged with 2-butene (approx. 50:1 ratio 2-butene / 6+7, 2 bar) and stirred for another 16 h at 50 °C. This way, 7 was obtained in 92% overall yield and 95% purity. For a preparative-scale (4.0 mmol), one-pot synthesis of 3-propylphenol (3) , the isomerising ethenolysis was performed using only a 7:1 ethene / 5 ratio (7.5 bar, the pressure limit of the reactor). After 16 h, the gas phase was first exchanged for 2-butene (approx. 50 equiv., 2 bar) and after 16 h for hydrogen (5.0 bar). This way, the desired kairomone 3 was obtained in 78% yield (Scheme 3). This one-pot synthesis of 3-propylphenol (3) which does not require purification of intermediates and delivers the desired product 3 in 69% yield based on anacardic acids (1a-d), compares favourably even with the previously reported isomerisation / butenolysis /hydrogenation sequence. 3-Ethylphenol (2) was also synthesised in pure form from the mixture of 6 and 7 that was obtained in the isomerising metathesis step. The synthetic strategy is identical to the one outlined for the 3-propylphenol (3) , only that the 2-butene used in the terminal cross-metathesis step was replaced by ethene. This way, 2 was obtained in an overall yield of 84%. Scheme 3 Preparative-scale one-pot synthesis of the kairomone 3.
Isomerising butenolysis of 3-(non-8-enyl)phenol
We also tried whether performing the isomerising metathesis using a vast excess of 2-butene would lead to formation of 3 in satisfactory selectivity. However, even when stirring 5 with approx. 50 equivalents 2-butene (2 bar), 3 was formed in only 64% yield along with the higher homologues butenyl-and pentenylphenol. We also attempted to shorten the reaction sequence by performing an isomerising ethenolysis of the anacardic acids (1) . Unfortunately, the isomerisation catalyst quickly lost its activity for this rather impure substrate. It could not yet been determined, which impurity is responsible for this effect.
Experimental
General Methods. All reactions were performed in oven-dried glassware containing a Teflon-coated stirring bar. Solvents were purified, dried by standard procedures, and degassed by three freeze-pump-thaw cycles prior to use. All reactions were monitored by GC using n-hexadecane or n-decane as an internal standard. Response factors of the products with regard to n-(hexa-)decane were obtained experimentally by analysing known quantities of the substances. GC analyses were carried out using a HP6890 with an HP-5 capillary column (Phenyl Methyl Siloxane 30 m x 320 x 0.25, 100/2.3-30-300/3) and a time program beginning with 2 min at 60 °C, followed by a 30 °C/min ramp to 300 °C, then 3 min at this temperature. Headspace GC analyses were carried out using a Perkin Elmer AutoSystem XL with Supelco packed column (80/100 Poropak, 6 FT x 1/8 In. S.S.). Commercial substrates were used as received unless otherwise stated. The metathesis catalysts used herein are available commercially, for example, from SigmaAldrich or Umicore. But-2-ene was obtained from Apollo Scientific Ltd as a mixture of E/Z-isomers (purity: 99% by GC, ratio of E/Z-isomers: 68% / 31%) and ethene from Air Liquide GmbH (purity: 99.9%).
Extraction of anacardic acids (1) from cashew nut shells.
Cashew nut shells (400 g) were ground into ~1 mm small particles which were than extracted in a Soxhlet apparatus with Et 2 O (500 mL) for 6 h. Removal of the solvent in vacuo resulted in a highly viscous brown oil (90.0 g, 23 wt-%). 40 g of this crude extract were dissolved in 5% aqueous methanol (240 mL), and calcium hydroxide (20.0 g, 259 mmol) was added in portions under stirring. The temperature of the reaction mixture was then raised to 50 °C, and stirring was continued for 2.5 h leading to precipitation of calcium anacardate. The precipitate was filtered off and washed with methanol (200 mL). It was then suspended in distilled water (200 mL), and the anacardic acids were liberated by treatment with HCl (30 mL, 12 M) and stirring for 1 h at RT. The mixture was then extracted with EtOAc (2 × 200 mL) and the combined organic phases were washed with distilled water (100 mL), dried over MgSO 4 and concentrated under reduced pressure to yield a mixture of anacardic acids as a viscous, dark brown oil (23.1 g, 58 wt-%).
Preparative scale synthesis of 3-(non-8-enyl)phenol (5) from anacardic acids (1). In a glovebox, a PTFA-lined steel autoclave with stirring bar was charged with the metathesis catalyst Ru-3 (21.6 mg, 36.0 µmol), dichloromethane (30 mL), and the anacardic acid mixture (1) (2.50 g, 7.30 mmol). The autoclave was then purged with ethene three times and pressurised to 10 bar. The resulting mixture was stirred for 16 h at RT. Then, the solvent was removed in vacuo. Crack distillation of the crude product mixture in a Kugelrohr (120 °C, 10 -2 mbar) yielded 3-(non-8-enyl)phenol (5) as light yellow oil (1.41 g, 6. 46 mmol, 89%, GC-purity: >98%). The analytical data matched those reported in the literature.
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Preparative scale synthesis of 3-proplyphenol (3) from 3-(non-8-enyl)phenol (5). In a glove box, an oven-dried 70 mL Fisher Porter vessel with stirring bar was charged with Pd-1 (40.4 mg, 52.0 µmol), Ru-8 (52.5 mg, 80.0 µmol), THF (16 mL) and 3-(non-8-enyl)phenol (5) (950 mg, 4.00 mmol). The vessel was removed from the glovebox and pressurised with ethene (7.5 bar). The mixture was stirred at 50 °C for 16 h. After cooling to -78 °C, the pressure was slowly released under inert conditions. The vessel was warmed to 0°C and 2-butene (11.2 g, 200 mmol) was condensed in. The mixture was allowed to stir overnight at 50 °C. Subsequently, the reaction mixture was cooled to 0 °C and the pressure was slowly released. Hydrogenation was performed by adding methanol (25 mL) and activated charcoal (300 mg), and stirring the reaction mixture for 3 h at 50 °C under hydrogen pressure (5.0 bar). After slowly releasing the pressure, the mixture was filtered through Celite (1 cm³), the solvent was removed by distillation over a Vigreux column, the residue dissolved in Et 2 O, filtered through a plug of silica gel (5 cm³). Removal of the solvent yielded the desired product 3 as a bright yellow oil (425 mg, 3.12 mmol, 78%). The analytical data matched those reported in the literature.
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Synthesis of 3-ethylphenol (2) from 3-(non-8-enyl)phenol (5). In a glove box, an oven-dried 35 mL Fisher Porter vessel with stirring bar was charged with Pd-1 (10.0 mg, 13.0 µmol), Ru-8 (13.2 mg, 20 .0 µmol), THF (4 mL) and 3-(non-8-enyl)phenol (5) (250 mg, 1.00 mmol). The vessel was removed from the glovebox and pressurised with ethene (5.0 bar). The mixture was stirred at 50 °C for 16 h. After cooling to -78 °C, the pressure was slowly released. The reaction mixture was than filtered through a plug of silica gel and the solvent removed in vacuo. Under inert conditions, Ru-8 (13.2 mg, 20 .0 mmol) and THF (4 mL) were added to the mixture of 3-ethenyl-(2) and 3-(prop-2-enyl)phenol (3) (~1:1) in a Fisher Porter vessel, which was pressurised with ethene (4.0 bar). The mixture was allowed to stir overnight at 50 °C. Subsequently, the reaction mixture was cooled to 0 °C and the pressure was slowly released. Hydrogenation was performed by adding methanol (5 mL) and activated charcoal (100 mg), and stirring the reaction mixture for 3 h at 50 °C under hydrogen pressure (5.0 bar). After slowly releasing the pressure, the mixture was filtered through Celite (1 cm³), the solvent was removed by distillation over a Vigreux column, the residue was dissolved in Et 2 O and filtered through a plug of silica gel (5 cm³). Removal of the solvent yielded the desired product 2 as a colourless oil (101 mg, 0.84 mmol, 84%). The analytical data matched those reported in the literature.
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Conclusions
Isomerising olefin cross-metathesis enabled the synthesis of the tsetse fly attractants 3-ethylphenol (2) and 3-propylphenol (3) from an anacardic acid mixture (1) extracted from cashew nut shells. The key towards providing a uniform substrate is the ethenolysis of the anacardic acids followed by thermal decarboxylation. This way, mono-, di-and tri-unsaturated side chains are all shortened to nine carbons, and the 3-(non-8-enyl)phenol is separated from derivatives with saturated side chains. A one-pot sequence consisting of isomerising ethenolysis followed by an optional butenolysis or ethenolysis and hydrogenation of the olefinic side chain, all effectively mediated by a combination of the isomerisation catalyst [Pd(µ-Br)( t Bu 3 P)] 2 and a second-generation Hoveyda-Grubbs metathesis catalyst, furnishes the desired 3-ethylphenol (2) and 3-propylphenol (3) either in pure form or as a mixture. This concise reaction sequence underlines the high potential of isomerising cross-metathesis as a key technology in the chemical valorisation of non-food, renewable resources.
